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AIMS
Paritaprevir is a direct acting antiviral agent for use as part of a multidrug hepatitis C virus infection treatment regimen. To
characterize the pharmacokinetics, safety, and tolerability of paritaprevir and determine an optimal dosing regimen for
subsequent evaluations, clinical studies were conducted with paritaprevir alone or with ritonavir, a cytochrome P450 3A4
inhibitor anticipated to increase paritaprevir exposure.

METHODS
Two phase 1, double-blind, placebo-controlled, parallel group studies were conducted in healthy volunteers (NCT00850044 and
NCT00931281). Single dose study participants (n = 87) were randomized to one time administration of either paritaprevir or
placebo, or paritaprevir with ritonavir or placebo. Participants (n = 38) enrolled in the multiple dose study received paritaprevir
with ritonavir or placebo once or twice daily for 14 days. Pharmacokinetics, safety and tolerability were assessed throughout the
study treatment periods.

RESULTS
After single or multiple dose administration, paritaprevir displayed non-linear pharmacokinetics, with maximum plasma
concentration and area under the plasma concentration–time curve increasing in a greater than dose proportional manner.
Concomitant administration of 100 mg ritonavir increased paritaprevir exposure from a 300 mg dose approximately 30- to
50-fold and extended paritaprevir half-life. The tolerability of paritaprevir was similar with or without ritonavir. Asymptomatic,
transient increases in bilirubin were observed but were not associated with abnormalities in other liver function tests.

CONCLUSIONS
Paritaprevir exhibits non-linear pharmacokinetics with greater than dose proportional increases in exposure after single or mul-
tiple dosing. Co-administration with ritonavir increases paritaprevir exposure and half-life without adversely influencing
tolerability.
© 2015 The British Pharmacological Society
 DOI:10.1111/bcp.12873
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WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT

• Paritaprevir is a potent non-structural protein 3/4A protease inhibitor with antiviral activity against several hepatitis C virus
(HCV) genotypes.

• Ritonavir, a strong inhibitor of cytochrome P450 3A4, is often used to augment HIV-1 protease inhibitor exposure.
• Co-administration with ritonavir could lower paritaprevir dosage and dosing frequency requirements.

WHAT THIS STUDY ADDS
• Paritaprevir exhibits non-linear pharmacokinetics after single or multiple dose administration.
• A 100 mg ritonavir dose extends paritaprevir’s half-life and is optimal for enhancing paritaprevir exposure.
• At pharmacokinetic exposures substantially higher than those observed with approved HCV treatment, no safety signals of con-
cern were observed for paritaprevir ± ritonavir.
Introduction
Chronic hepatitis C virus (HCV) infection affects approximately
2.8% of the world’s population and is a leading cause of cirrho-
sis, end-stage liver disease and hepatocellular carcinoma [1]. Un-
til recently, peginterferon and ribavirinwere the standard of care
for chronic HCV genotype 1 infection, which is the most preva-
lent HCV genotype worldwide, accounting for 76% of North
American HCV cases and 59–89% of cases throughout Europe
[1]. Due to the relatively low rates of sustained virologic re-
sponse [2–4] and risks for toxicity associated with conven-
tional peginterferon/ribavirin therapy [5], direct acting
antiviral agents (DAAs) have replaced the combination of
peginterferon and ribavirin as the preferred HCV treatment
option. The most recent evolution in this therapeutic milieu
is the introduction of DAA regimens that are interferon free,
thus ameliorating the limitations associated with
peginterferon use and broadening the population of subjects
who are eligible for treatment.

Paritaprevir (also known as ABT-450) is a potent non-
structural protein 3/4A protease inhibitor that was identified
as a lead compound by AbbVie, Inc. (North Chicago, IL, USA)
and Enanta Pharmaceuticals, Inc. (Watertown, MA, USA).
Paritaprevir has demonstrated in vitro antiviral activity
against several HCV genotypes, including 1a, 1b, 2a, 3a, 4a,
and 6a [6]. Paritaprevir co-administered with ritonavir,
ombitasvir and dasabuvir, referred to as the 3D regimen, has
proven effective for the treatment of HCV genotype 1 infec-
tion and has been approved for this indication in the United
States, Canada, and European Union, among others [7–12].
In definitive clinical trials, the 3D regimen plus ribavirin
achieved sustained virologic response rates at 12 weeks after
treatment (SVR12) of 92–100% in treatment-naïve and
treatment-experienced non-cirrhotic subjects, and 93–100%
after 24 weeks of treatment in subjects with cirrhosis, includ-
ing previous null responders [8–12]. The 3D regimen was well
tolerated in these trials, as demonstrated by low rates of treat-
ment discontinuation and a generally mild adverse event
profile [8–12]. Paritaprevir in combination with ritonavir
and ombitasvir has also demonstrated efficacy in the treat-
ment of HCV genotype 4 infection [13] and has been ap-
proved for this indication in Europe.

Ritonavir, a strong inhibitor of cytochrome P450 3A4
(CYP3A4), has long been used to increase circulating levels
of HIV protease inhibitors used in antiretroviral therapy for
HIV [14]. The primary metabolic enzyme for paritaprevir is
CYP3A4 [15]. In the context of the 3D regimen,
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pharmacokinetic enhancement using ritonavir was initiated
as a putative means to increase paritaprevir exposure, thus
producing effective drug concentrations without need for
higher doses or more frequent dose administration.

In this first characterization of paritaprevir pharmacoki-
netics in humans, various single- and multiple dose regimens
were evaluated. In addition, the effect of ritonavir on the
pharmacokinetics, safety and tolerability of paritaprevir was
assessed. These studies provided the basis for further clinical
evaluation of paritaprevir and the rationale for dosing regi-
mens tested in subsequent clinical trials.
Methods

Participants
Men and women (post-menopausal or surgically sterile)
aged 18–55 years with a body mass index between 18 and
29 kg m�2 and in general good health were eligible for study
inclusion. Participants were excluded if they had tested pos-
itive for hepatitis A, B or C or were HIV positive, or had ala-
nine aminotransferase (ALT) or aspartate aminotransferase
(AST) levels above the upper limit of normal on screening
laboratory tests. Subjects were also excluded if they had used
any medications, vitamins or herbal supplements within
2 weeks before study drug administration, had received
any drug by injection within 30 days before study drug
administration, had used known inhibitors or inducers of
CYP3A within 1 month before study drug administration,
had consumed alcohol within 48 h before study drug
administration, had consumed star fruit, grapefruit or prod-
ucts with star fruit or grapefruit products within 72 h before
study drug administration or had used tobacco or nicotine-
containing products within 6 months preceding study drug
administration. All study participants provided written in-
formed consent.
Study design
Two phase 1, randomized, double-blind, placebo-controlled,
parallel group studies with sequential designs were con-
ducted (NCT00850044 and NCT00931281). Three groups of
eight participants each were randomized in a 3 : 1 ratio to re-
ceive single ascending doses of paritaprevir or placebo and
eight groups of eight participants each were randomized in
a 3 : 1 ratio to receive single escalating doses of paritaprevir
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in combination with ritonavir or to receive placebo. In the
14 day, multiple dose, dose escalation study, four groups of
eight to 10 participants were randomized to receive
paritaprevir with ritonavir or placebo once or twice daily.
For all studies, dose escalation proceeded after evaluation of
the safety, tolerability and pharmacokinetic data obtained
from the preceding group.

In the single ascending dose study, the starting doses of
paritaprevir of 300mg alone and 25mgwith 100mg ritonavir
were based on the no-observed adverse effect level (NOAEL)
dose from rat and dog toxicology studies. The NOAEL dose
was used to estimate the human equivalent dose (HED) and
a safety margin was applied to calculate the starting dose per
regulatory guidance [Guidance for Industry, Estimating the Max-
imum Safe Starting Dose in Initial Clinical Trials for Therapeutics
in Adult Healthy Volunteers, July 2005, CDER]. Doses were then
escalated based on safety and pharmacokinetic data from pre-
vious doses. Doses in the multiple dose study were based on
results from single dose administration.

Both studies were conducted in accordance with Good
Clinical Practice guidelines and ethical principles that have
their origin in the Declaration of Helsinki, and received ap-
proval from the Vista Medical Center East Institutional Re-
view Board (IORG0005905).

Study drug treatments
All study drugs were administered orally under non-fasting
conditions, with breakfast for once daily doses and with
breakfast and an evening snack for twice daily doses, in the
context of a standardized diet (30% fat, 40% carbohydrate,
1900 calories a day). In the single dose study, paritaprevir
doses ranged from 25 to 900 mg and ritonavir doses ranged
from 50 to 200 mg. Paritaprevir/ritonavir dose combinations
studied were 25/100 mg, 100/50 mg, 100/100 mg,
100/200 mg, 200/75 mg, 300/100 mg, 400/50 mg and
400/100 mg. In the multiple dose study, participants received
one of the following dose regimens for 14 days:
placebo/placebo or paritaprevir/ritonavir 200/100 mg once
daily, 100/100 mg twice daily, 50/100 mg twice daily or
300/100 mg once daily.

Assessments
Pharmacokinetics In the single dose study, blood samples for
measuring paritaprevir and ritonavir concentrations were
collected before dosing and then serially for 72 h after the
dose (at 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 12, 15, 24, 30, 36, 48, 60
and 72 h). In the multiple dose study, blood samples for
paritaprevir and ritonavir drug assays were collected on day
1 before the morning dose then serially for 15 h after dosing
(at 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 12 and 15 h). On day 14, blood
samples for drug assays were collected before the morning
dose and then serially for 72 h after the morning dose (at
0.5, 1, 2, 3, 4, 5, 6, 8, 10, 12, 15, 24, 36, 48, 60 and 72 h).
Trough samples were collected immediately before the morn-
ing dose on days 2, 3, 5, 7, 9 and 12.

Plasma concentrations of paritaprevir and ritonavir were
determined using a validated salt-assisted liquid/liquid ex-
traction liquid chromatography method with tandem mass
spectrometric detection (HPLC-MS/MS). The HPLC column
was a Waters Symmetry® C18 5 μm 2.1 x 50 mm column
(Waters Corporation, Milford, MA, USA). The internal stan-
dards used in this assay were D8-paritaprevir and D5-ritonavir.
The analysis required a sample volume of 100 μl plasma. The
transitionmass (m/z) for paritaprevir was 766➔571 and for ri-
tonavir was 721➔296. The transitions (m/z) for the internal
standards were 774➔ 571 for D8-paritaprevir and 726➔296
for D5-ritonavir. The lower limit of quantitation (LLOQ) for
sample analysis of paritaprevir and ritonavir was established
at 0.5 ng ml�1. Each calibration contained eight standards
ranging from approximately 0.5 ng ml�1 to 2050 ng ml�1

(single dose study) or 2070 ng ml�1 (multiple dose study)
for paritaprevir and 5.0 ng ml�1 to 20 100 ng ml�1 (single
dose study) or 24 600 ng ml�1 (multiple dose study) for rito-
navir. In-study quality control (QC) samples were analyzed
with the unknowns. The coefficient of variation (CV) values
from the QCs for paritaprevir and ritonavir were less than or
equal to 21.2% (single dose study) or 11.7% (multiple dose
study), The mean bias values for undiluted QCs ranged from
�3.4 to 7.3% (single dose study) or �1.9 to 4.1% (multiple
dose study).

Safety Safety was assessed in both studies through periodic
physical examinations, vital sign assessments, 12-lead elec-
trocardiogram (ECG) measurements (performed at baseline,
before dose, after each dose and at follow-up visits), serum
chemistry and haematology tests and urinalysis. Participants
were monitored for clinical and laboratory evidence of ad-
verse events routinely throughout the study. Adverse events
were evaluated for severity and relationship to study drug.

Pharmacokinetic analysis
In both studies, values for the pharmacokinetic parameters of
paritaprevir and ritonavir were estimated using non-
compartmental methods. The maximum observed plasma
concentration (Cmax), time to Cmax (tmax), concentrations at
12 h (C12) and 24 h (C24) and trough concentration before
morning dose (Ctrough for the multiple dose study) were taken
directly from the plasma concentration–time data. Calcu-
lated pharmacokinetic parameters included the terminal
phase elimination rate constant (λz) and half-life (t1/2), area
under the plasma concentration–time curve from zero to
infinity (AUC(0,∞)) after a single dose and AUC from zero to
τ (AUC(0,τ)), where τ is the dosing interval for multiple doses.
An accumulation ratio (Rac) for Cmax and AUC(0,τ) in
the multiple dose study was calculated as the ratio on day
14 to day 1.

Statistical analysis
Descriptive statistics were provided for demographic and
safety parameters. Pharmacokinetic analyses were performed
using dose-normalized, log-transformed Cmax, AUC and
Ctrough values. Analysis of covariance for the pharmacoki-
netic variables of paritaprevir was used to investigate ques-
tions of dose proportionality and linear kinetics. In the
multiple dose study, a repeated-measures analysis was used
to assess the steady-state of paritaprevir Ctrough using data
from days 2 through 14. The effect of ritonavir on paritaprevir
Cmax and AUC was assessed by comparing the combination
regimen of paritaprevir and ritonavir vs. the regimen of
paritaprevir alone using the day 1 data from the single and
multiple dose studies.
Br J Clin Pharmacol (2016) 81 929–940 931
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Results

Participant disposition and demographics
All enrolled participants (n = 87) completed the single dose
study and the data from all participants were included in
the analyses. In the multiple dose study, five of 38 enrolled
participants prematurely discontinued the study, three
due to adverse events (all receiving paritaprevir/ritonavir:
one each in 200/100 mg once daily group, 100/100 mg
twice daily group and 300/100 mg once daily group) and
two withdrew consent to participate (one each receiving
paritaprevir/ritonavir 200/100 mg once daily and placebo).
Among the 30 participants randomized to active drug, 26
received paritaprevir/ritonavir throughout the study and
were included in the pharmacokinetic analyses.

Baseline demographic characteristics, includingmean age
and weight, were generally comparable across treatment
groups (Table 1). The study populations were predominantly
male (67–94%) and most participants self-identified their
race as White (50–83%).

Pharmacokinetics
Single dose study Increasing the paritaprevir dose from 300 to
900 mg increased drug exposure in a greater than dose propor-
tional manner. Dose-normalized Cmax and AUC(0,∞) values
were significantly different in the 300, 600 and 900 mg
dose groups (P ≤ 0.021), ranging from 0.40 ± 0.23 to
5.7 ± 4.0 ng ml�1 mg�1 for Cmax and 1.3 ± 0.6 to
9.7 ± 8.2 ng ml�1 h mg�1 for AUC(0,∞) (Table 2). Mean tmax

and t1/2, in contrast, were not appreciably influenced by dose.
Plasma concentrations reached peak levels within 1.8–2.3 h and
themean t1/2 was approximately 3 h, regardless of dose (Table 2).

Addition of ritonavir to paritaprevir markedly increased
paritaprevir exposure (Figure 1). Compared with paritaprevir
300 mg administered alone, administration of paritaprevir
300mgwith ritonavir 100mg increasedmean paritaprevir Cmax
Table 1
Participant demographics (safety population)

Single dose stud
Without ritonavir With ritona

Parameter
Placebo
(n = 6)

Paritaprevir
(n = 18)

Placebo
(n = 16)

Age (years) mean (SD) 33.5 (5.3) 32.9 (11.2) 35.1 (12.0)

Gender, n (%)

Female 2 (33) 1 (6) 4 (25)

Male 4 (67) 17 (94) 12 (75)

Race, n (%)

White 5 (83) 12 (67) 10 (63)

Black or African American 1 (17) 5 (28) 5 (31)

Other 0 1 (6) 1 (6)

Weight (kg) mean (SD) 77.5 (12.1) 80.7 (8.1) 76.4 (11.2)

SD, standard deviation.
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28-fold, AUC(0,∞) 48-fold and C24 > 300-fold (Tables 2, 3). Ad-
ditionally geometric mean ratios and 90% confidence intervals
were determined from the single dose study aswell as combined
data from single andmultiple doses to determine the effect of ri-
tonavir on paritaprevir (Table 4).

Themean t1/2 after a single dose of paritaprevir 300mg in-
creased from 2.7 h to 4.6 h when co-administered with rito-
navir 100 mg and the tmax doubled (2.3–4.7 h, respectively).

As the paritaprevir dose increased from 25 to 400 mg
in combinationwith ritonavir 100mg, the paritaprevirCmax and
AUC(0,∞) values increased in a greater than dose proportional
manner (Table 3). The differences in mean dose-normalized
Cmax and AUC(0,∞) between paritaprevir/ritonavir 25/100 mg
and 400/100 mg were approximately 60- and 50-fold, respec-
tively. Paritaprevir tmax values, however, were not significantly
different among the dose groups. The mean t1/2 of paritaprevir
generally decreased with paritaprevir dose increase, from 7.9 h
for the 25/100 mg dose group to 4.9 h for the 400/100 mg
dose group.

The influence of ritonavir dose increase on paritaprevir
exposure was markedly less than that of paritaprevir dose in-
crease. Paritaprevir AUC(0,∞) increased by approximately
200% with paritaprevir/ritonavir 100/100 mg relative to
100/50 mg, and by 65% with paritaprevir/ritonavir
100/200 mg compared with 100/100 mg (Table 3). The mean
t1/2 was generally consistent among groups with equivalent
paritaprevir doses, although the paritaprevir tmax increased
with ritonavir dose. This 65–200% increase in paritaprevir ex-
posures with increasing ritonavir dose (100 vs. 50 mg or 200
vs. 100 mg) was significantly less than the 50- to 60-fold in-
crease in paritaprevir exposures that were observed as
paritaprevir dose increased from 25 mg to 400 mg once daily.
Additionally, the 100 mg ritonavir dose was found to provide
optimal enhancement of paritaprevir exposure without nega-
tively impacting the safety profile.
Multiple dose study After multiple dosing, paritaprevir expo-
sure increased in a greater than dose proportional manner
y
Multiple dose studyvir

Paritaprevir + ritonavir
(n = 47)

Placebo
(n = 8)

Paritaprevir + ritonavir
(n = 30)

35.1 (10.2) 31.4 (12.1) 35.7 (9.8)

10 (21) 1 (13) 4 (13)

37 (79) 7 (88) 26 (87)

30 (64) 4 (50) 23 (77)

16 (34) 3 (38) 5 (17)

1 (2) 1 (13) 2 (7)

75.5 (9.3) 78.3 (8.7) 77.4 (10.9)



Table 2
Pharmacokinetic parameters (mean ± standard deviation) for paritaprevir after a single dose

Parameter 300 mg (n = 6) 600 mg (n = 6) 900 mg (n = 6)

Cmax (ng ml�1) 120 ± 68 780 ± 600 5100 ± 3600

Dose-normalized Cmax (ng ml�1 mg�1) 0.40 ± 0.23 1.3 ± 1.0 5.7 ± 4.0

tmax (h) 2.3 ± 0.5 1.8 ± 0.4 2.2 ± 0.4

AUC(0,∞) (ng ml�1 h) 390 ± 190 1700 ± 730 8800 ± 7400

Dose-normalized AUC(0,∞) (ng ml�1 h mg�1) 1.3 ± 0.6 2.8 ± 1.2 9.7 ± 8.2

C24 (ng ml�1) 0.13 ± 0.31 0.45 ± 0.51 0.99 ± 0.88

t1/2 (h)* 2.7 ± 0.64 2.7 ± 1.2 3.1 ± 1.6

AUC(0,∞), area under the plasma concentration–time curve from zero to infinity; C24, observed plasma concentration at 24 h; Cmax, maximum observed
plasma concentration; t1/2, terminal phase elimination half-life; tmax, time to Cmax. *Presented as the harmonic mean ± pseudo standard deviation.

Pharmacokinetics and tolerability of paritaprevir
(Figure 2). On day 14, dose-normalized paritaprevir Cmax was
approximately 3-fold higher and AUC(0,τ) was approxi-
mately 4-fold higher for the paritaprevir/ritonavir 300/100 mg
once daily dose compared with the corresponding values for
the 200/100 mg once daily dose (P < 0.05, Table 5).
Paritaprevir exposures on day 14 were approximately 20–50%
higher vs. day 1 exposures after once daily dosing, and 2- to
4-fold higher than day 1 exposures for twice daily dosing.
The mean t1/2 of paritaprevir was consistently within the
range of 4–6 h, regardless of the dosing regimen.

Paritaprevir trough concentrations demonstrated an ini-
tial day-on-day increase through day 2 followed by a gradual
decrease that stabilized by day 9 for once daily regimens and
by day 12 for twice daily regimens (Figure 2). Results of the
repeated-measures analysis performed to assess the attain-
ment of paritaprevir steady-state based on Ctrough data indi-
cated that steady-state was reached after 7–12 days of dosing
across the four doses and regimens.
Ritonavir pharmacokinetics Ritonavir Cmax and AUC values
increased with paritaprevir dose (Tables 6, 7). Among groups
Figure 1
Meanplasma concentration–time profile after a single dose of paritaprevir
300 mg ( paritaprevir 300 mg without ritonavir (n=6),
paritaprevir 300 mg with ritonavir 100 mg (n=6)). Error bars represent
standard deviations
receiving a 100 mg ritonavir dose in the single dose study, a
16-fold increase in paritaprevir dose (25–400 mg) increased
ritonavir AUC(0,∞) by 140%. Exposures with 100 mg rito-
navir were substantially less than those with 200 mg ritona-
vir at any paritaprevir dose level. Results from the multiple
dose study indicated minimal ritonavir accumulation with
once daily dosing, and a 2.4- to 2.9-fold accumulation with
twice daily dosing. The t1/2 of ritonavir ranged from approxi-
mately 4–7 h.
Safety Paritaprevir with and without ritonavir was generally
well tolerated in the 87 subjects in the single dose and multi-
ple dose phase 1 studies. No serious adverse events occurred
in either study. The most common adverse events in the
single dose study were second degree atrioventricular block
(demonstrated by a single dropped beat observed on teleme-
try monitoring), pyrexia and abdominal pain (Table 8). All
reported cases of atrioventricular block were mild in severity
and considered to be unrelated to study drug by the investiga-
tor. No clinically relevant changes in ECG were observed.
Addition of ritonavir had no apparent effect on the tolerabil-
ity profile of paritaprevir.

In themultiple dose study, themost commonadverse events
were fatigue, elevated bilirubin levels, headache and diarrhoea
(Table 8). All events resolved by the end of the study follow-up
period. The majority of events were classified as probably or
possibly related to the study drug and asmild ormoderate in se-
verity by the investigator. Three participants prematurely
discontinued from the study due to adverse events. Two were
withdrawn because of elevated ALT levels (both <3 times the
upper limit of normal [ULN]) and one was withdrawn because
of increased blood bilirubin levels. The ALT increases were not
associated with concomitant increases in bilirubin levels.

Among the eight participants in the multiple dose study
who experienced an adverse event of increased blood biliru-
bin, five received paritaprevir/ritonavir 300/100 mg once
daily, two received paritaprevir/ritonavir 100/100 mg twice
daily and one received the 200/100 mg once daily. Total and
indirect bilirubin values outside the normal range accounted
for most cases of bilirubin elevation. Increased bilirubin
levels were not accompanied by other liver function test ab-
normalities and normalized with continued drug dosing
(Figure 3).
Br J Clin Pharmacol (2016) 81 929–940 933
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Table 4
Effect of 100 mg ritonavir on the exposures of 300 mg paritaprevir

Pharmacokinetic
parameter

Geometric mean values
Geometric mean ratio and
90% confidence interval300 mg paritaprevir alone

300 mg paritaprevir with
100 mg ritonavir

Single dose study Single dose study

Cmax (ng ml�1) 105 2030 19.3 (6.9 to 54.1)

AUC (ng ml�1 h)* 353 10 500 29.8 (10.1 to 87.7)

Single dose study Single and multiple dose study

Cmax (ng ml�1)† 105 3350 31.9 (13.2 to 77.4)

AUC (ng ml�1 h)* 353 18 000 50.9 (20.3 to 128.1)

*AUC(0,∞) for single dose and AUC(0,24 h) + C24/λz on day 1 for multiple dose where λz is the terminal elimination rate constant following day 14
dose †Cmax on day 1 for multiple dose

Pharmacokinetics and tolerability of paritaprevir
For both the single dose and multiple dose studies, there
were no clinically significant changes from baseline in vital
signs and no clinically significant QTc prolongation was ob-
served at any dose. Observed laboratory abnormalities were gen-
erally grade 1 (mild) in severity, transient and asymptomatic.
Discussion
Co-administration with ritonavir increases exposure of
paritaprevir and prolongs its half-life. Additionally, after single
or multiple dose administration with or without co-
administration of ritonavir, paritaprevir displayed non-linear
pharmacokinetics, with Cmax and AUC increasing in a greater
than dose proportional manner. Paritaprevir is a major substrate
of CYP3A but not an inhibitor [15]. Paritaprevir is a substrate of
efflux transporters (P-glycoprotein [P-gp] and breast cancer
resistant protein [BCRP]) as well as liver uptake transporters (or-
ganic anion transporting polypeptide [OATP1B1 and OATP1B3])
[15–17]. The non-linearity of paritaprevir pharmacokinetics is
Figure 2
Mean plasma concentration–time profiles after multiple dose administratio
Plasma concentrations were measured serially on day 1 and day 14. Trough
dose on days 2, 3, 5, 7, 9 and 12. Error bars represent standard deviations.
(n=70); 200/100 mg once daily (n=4); 300/100 mg once da
likely due to the inhibition of efflux transporters in the gut
and uptake transporters in the liver. In a similarmanner, the in-
creases in paritaprevir exposure attributable to ritonavir are os-
tensibly due to inhibition of CYP3A in both the intestine and
the liver and efflux transporters, P-gp and BCRP primarily in
the gut. Despite the supraproportional increases in exposure,
minimal changes in paritaprevir half-lifewere observedwithdif-
ferent doses or with single vs. multiple dose administration.
However, co-administration with ritonavir increased the half-life
of single dose paritaprevir from approximately 3 h to 5–8 h. The
magnitude of increase in exposure in the presence of ritonavir
(approximately 30-fold for Cmax and 50-fold for AUC) allows for
much lower doses of paritaprevir to be administered, while the
much higher increase in C24 (>300-fold) allows for a lower
frequency of dosing (once daily rather than twice daily).

In the multiple dose study, paritaprevir AUC(0,τ) on day 14
was approximately 20–50% higher after once daily dosing, and
2- to 4-fold higher after twice daily dosing compared with
AUC(0,τ) values onday 1,which is indicative of limited accumu-
lation. Steady-state was reached within 7–12 days of initiating
n of paritaprevir with ritonavir once daily and twice daily regimens.
samples were collected immediately before the morning study drug

50/100 mg twice daily (n=8); 100/100 mg twice daily
ily (n=7)
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Table 8
Treatment-emergent adverse events experienced by two or more participants during the treatment period (safety population)

Participants, n (%)
Single dose paritaprevir Single dose paritaprevir + ritonavir Multiple dose paritaprevir + ritonavir

Adverse event
Active
(n = 18)

Placebo
(n = 6)

Active
(n = 47)

Placebo
(n = 16)

Active
(n = 30)

Placebo
(n = 8)

Fatigue 0 0 0 0 8 (27) 0

Blood bilirubin increase 0 0 0 0 8 (27) 0

Headache 0 0 0 0 4 (13) 0

Diarrhoea 1 (6) 0 0 0 3 (10) 0

Abdominal pain 1 (6) 0 1 (2) 0 2 (7) 0

ALT increase 1 (6) 0 0 0 2 (7) 0

Muscle spasms 0 0 1 (2) 0 2 (7) 0

Presyncope 1 (6) 0 0 0 2 (7) 0

Atrioventricular block second degree 2 (11) 0 2 (4) 1 (6) 0 0

Pyrexia 0 0 2 (4) 0 0 0

R. M. Menon et al.
paritaprevir/ritonavir treatment and was dependent on the dos-
ing regimen. Paritaprevir trough concentrations stabilized after
9 days of consecutive once daily administration with ritonavir
and after 12 days for twice daily regimens.

The 300/100mgdose of paritaprevir/ritonavir was evaluated
in both the single and the multiple dose studies and showed
about a 2-fold difference in exposures after the initial dose.
These inter-study differences are probably due to the high vari-
ability in paritaprevir pharmacokinetics. Inter-subject variability
in paritaprevir exposure was higher as seen from the standard
deviation associated with theCmax and AUC values. Paritaprevir
exhibits non-linear pharmacokinetics which is believed to be
Figure 3
Mean indirect bilirubin measurement–time profiles after multiple
dose administration of paritaprevir with ritonavir once daily and
twice daily regimens. Error bars represent standard deviations
( paritaprevir/ritonavir 50/100 mg twice daily (n=8),

paritaprevir/ritonavir 100/100 mg twice daily (n=7),
paritaprevir/ritonavir 200/100 mg once daily (n=4),
paritaprevir/ritonavir 300/100 mg once daily (n=7)

938 Br J Clin Pharmacol (2016) 81 929–940
due to the role of enzymes and transporters involved in
paritaprevir disposition. The heterogeneity in expression of
these enzymes/transporters could contribute to significant dif-
ferences in exposure. Additionally, paritaprevir is co-
administered with ritonavir, a drug with highly variable expo-
sures. Since ritonavir significantly influences paritaprevir expo-
sures by inhibiting some of these enzymes and transporters,
variability in ritonavir exposure also affects paritaprevir.

The effect of ritonavir on 100 mg paritaprevir was evalu-
ated at three different ritonavir doses: 50, 100 and 200 mg.
Paritaprevir AUC increased 3-fold when the ritonavir dose
was doubled from 50 to 100 mg. Further doubling the ritona-
vir dose from 100 to 200 mg, however, increased the
paritaprevir AUC less than 2-fold despite a 6.4-fold increase
in ritonavir AUC. Alternately, increasing the paritaprevir dose
from 100 to 300 mg (with ritonavir 100 mg) increased
paritaprevir AUC approximately 20-fold. Thus, at doses
greater than 100 mg ritonavir, increasing paritaprevir dose
provides greater increases in exposures than increasing rito-
navir dose. The 100 mg ritonavir dose is also the dose used
as a pharmacokinetic enhancer for various HIV protease
inhibitors. The 100 mg ritonavir dose allows co-dosing of
the HIV protease inhibitors with the paritaprevir/ritonavir
regimen. Hence, the ritonavir 100 mg dose is optimal for
enhancing paritaprevir exposures.

Increases in ritonavir exposure were noted when co-
administered with paritaprevir. The coefficient of variation
for exposure variables (Cmax and AUC) suggests that some of
the observed between group differences may be the result of
variability across dose groups. Any potential increase in
ritonavir exposure due to paritaprevir is unlikely to be
clinically significant, given that higher doses (and exposures)
of ritonavir (200 mg) are routinely used to augment HIV pro-
tease inhibitor exposure without sequelae.

Adverse events experienced after administration of
paritaprevir with or without ritonavir were generally mild
and resolved during the course of the studies. A transient
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increase in total bilirubin levels, primarily indirect, that
occurred in the multiple dose study was the only adverse
event that was more frequently observed in higher vs.
lower dose groups. Most cases of bilirubin elevation
occurred in the paritaprevir/ritonavir 300/100 mg once
daily dose group and 100/100 mg twice daily dose group
(200/200 mg total daily dose). In addition, for the same
total daily dose of paritaprevir (100/100 mg twice daily
vs. 200/100 mg once daily), increases in indirect bilirubin
were higher with the twice daily regimen compared with
the once daily regimen (Figure 3). These increases appear
to be correlated with paritaprevir trough concentrations,
as the once daily regimen had much higher Cmax and
AUC(0,τ) values but a lower Ctrough for the same total daily
dose of paritaprevir (Table 5).

The observed asymptomatic, transient increases in indi-
rect bilirubin levels were not accompanied by increases in di-
rect bilirubin or by other liver function test abnormalities.
Even within the highest multiple dose treatment group
(300/100 mg once daily), in which elevations in bilirubin
levels were most prevalent, values normalized with contin-
ued drug administration (Figure 3). These observations mir-
rored those of paritaprevir clinical trials, wherein elevation
of bilirubin levels was typically transient and not associated
with elevations in serum ALT levels or other liver function
test abnormalities [7–12, 18, 19]. Elevations in bilirubin
levels are known to occur with drugs used in the treatment
of HCV, including DAAs and ribavirin [20, 21]. The mech-
anism of transient elevation in bilirubin levels with
paritaprevir is distinct from that of ribavirin, which induces
haemolysis. It is believed that inhibition of OATP1B1 and
OATP1B3 by paritaprevir [15, 17] affects bilirubin transport,
thereby increasing circulating levels. Simeprevir, another
DAA approved for treatment of HCV genotype 1 infection
in combination with other antiviral agents, has also been
associated with generally mild, transient elevations in bili-
rubin that have been attributed to its potent inhibition of
the bilirubin transporter OATP1B1 [22].

There are several limitations that influence the interpreta-
tion of these results. The participants in the current analysis
were healthy volunteers without HCV and hence any potential
impact of HCV infection on the pharmacokinetics or
tolerability of paritaprevir would not be detected in these
studies. Safety conclusions are also limited by the duration of
treatment, from a single dose to 14 days compared with the 12
to 24week regimen that is used in the treatment of HCV. Despite
these caveats, it is reassuring to note that the safety and tolera-
bility results from phase 2 and 3 clinical trials were consistent
with observations reported herein [7–12, 18, 19].

In conclusion, the results of these studies demonstrate
that paritaprevir exhibits non-linear pharmacokinetics with
greater than dose proportional increases in exposure after
single or multiple dosing. Co-administration with ritonavir
increases paritaprevir exposure and half-life without
adversely influencing tolerability. A 100 mg ritonavir dose
was found to be optimal for increasing paritaprevir exposure.
The combination of paritaprevir with ritonavir was generally
well tolerated in single and multiple doses for 14 days in the
87 healthy volunteers in the two phase 1 studies, even at
doses greater than those used in the treatment of chronic
HCV infection.
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